Impact of Genome Reduction on Bacterial Metabolism and Its Regulation
Richard Herrmann, 3 Ricardo Gutiérrez-Gallego, 4 Robert B. Russell, 2 Anne-Claude Gavin, 2 Peer Bork, 2 * Luis Serrano 1, 6 To understand basic principles of bacterial metabolism organization and regulation, but also the impact of genome size, we systematically studied one of the smallest bacteria, Mycoplasma pneumoniae. A manually curated metabolic network of 189 reactions catalyzed by 129 enzymes allowed the design of a defined, minimal medium with 19 essential nutrients. More than 1300 growth curves were recorded in the presence of various nutrient concentrations. Measurements of biomass indicators, metabolites, and 13 C-glucose experiments provided information on directionality, fluxes, and energetics; integration with transcription profiling enabled the global analysis of metabolic regulation. Compared with more complex bacteria, the M. pneumoniae metabolic network has a more linear topology and contains a higher fraction of multifunctional enzymes; general features such as metabolite concentrations, cellular energetics, adaptability, and global gene expression responses are similar, however.
A ccurate representation of cellular networks through mathematical models is a central goal of integrative systems biology. For this purpose, all components and reactions of a target system should be listed and validated, and their quantitative relations should be determined and analyzed in the context of the physiology of the organism (1) . We have selected Mycoplasma pneumoniae, a human pathogen that causes atypical pneumonia (2) , as a model organism for bacterial and archaeal systems biology. Similar to other Mollicutes, M. pneumoniae has undergone a massive genome reduction to include only 689 protein coding genes, 231 of which have unknown function (table S1) (3), yet it can be cultivated in vitro without helper cells (4) . The genome reduction of M. pneumoniae favors its suitability as a systems biology model because it largely follows genome size-scaling principles ( fig. S1 ) (5) . We manually reconstructed and validated the metabolic network of M. pneumoniae and studied its regulation, complementing analyses of the transcriptome (6) and the proteome organization (7) .
The metabolism of M. pneumoniae has been studied biochemically (8) and computationally (9) . We integrated these approaches in a framework that maximized coverage and accuracy (10) . To build a comprehensive metabolic network, we complemented the reactions from the Kyoto Encyclopedia of Genes and Genomes (KEGG; www.genome.jp/kegg) with activities obtained manually from the literature and new annotations ( fig. S2 and tables S1 to S5) (11) . We also considered other genomic (co-occurrence in one operon), sequence (homology to known enzymes), and structural information (identification of catalytic residues to ensure enzyme functionality) (Fig. 1A and figs. S2 and S3). For example, we identified an incomplete ascorbate pathway through sequence analyses and filled the gap by assigning a critical enzyme [L-ascorbate-6-phosphate lactonase (mpn497)] on the basis of sequence homology, predicted activity (metal-dependent hydrolase), and its position in the ascorbate operon (mpn492 to mpn497). For pathways in which only one enzyme was missing, we closed the gap by adding an unassigned reaction (for example, transketolase activity in the pentose phosphate pathway). Putative enzymes missing conserved catalytic residues were discarded (for example, Mpn255 and Mpn673 enzymes of the terpenoid pathway). Lastly, for enzymes that could carry out more than one reaction, we removed the reactions that were decoupled from pathways and those for which the substrate was unavailable. The final result was a map without gaps, isolated reactions, or open metabolic loops (Fig. 2) .
A number of alternative pathways, interactions between pathways, as well as missing enzymes still needed to be validated, and reaction directionalities had to be inferred. For this, we used two different experimental strategies. We first used the rich medium ( fig. S4 ) to validate the pathway functionality in various carbon sources. As expected from the map (Fig. 2) , all known carbon sources except mannitol supported growth to various extents (figs. S5 and S6) (12) . Using 13 C-glucose labeling, we validated (for example) the predicted connection between glycolysis, the pentose phosphate pathway, and lipid synthesis ( fig. S3 and table S6), and ruled out the proposed production of aspartate from pyruvate (13) . For our second strategy, we developed on the basis of the metabolic map a defined medium (Fig. 1A and table S7 ) with which we could validate other pathways (such as vitamin metabolism) ( fig. S10 ) and reaction directionalities that could not be studied in rich medium (such as the synthesis of uracyl and thymine nucleotides from cytosine) (figs. S7 and S8). The low number of amino acid permeases and transporters and the existence of a peptide importer (oppB-F cluster) (table S1) suggested a requirement for peptides in the medium, which we confirmed experimentally ( fig. S9) .
We systematically tested the defined medium in more than 1300 experiments in order to properly assess all the components necessary for survival. We replaced these components with simpler building blocks in order to obtain a defined, minimal medium that contains only 26 components (19 of which are essential) (Fig. 1A ). This medium, as predicted from our metabolic map and comparative analysis, also supports growth of M. genitalium (figs. S11 and S12). On the basis of these experiments, we estimated the upper flux limits for the use of the various nutrients ( fig. S13 ). The medium implicitly validates the reconstructed metabolic map (Fig.  2 (14) . A total of 32 enzymes (25%) are multifunctional; they have more than one activity and together catalyze 91 reactions (48% of the total) (table S3). With respect to previous genome annotations (3, 15), we assigned new or refined functions to 57 metabolic genes (plus 30 nonmetabolic genes; see the new annotations in table S1). The above strategy could more generally be used to design media to grow axenically hard-toculture bacteria, as was done for the recalcitrant Tropheryma whipplei (16) and might be applicable in the context of increasing metagenomics efforts.
Analysis of the metabolism of M. pneumoniae reveals that it is more linear than that of larger bacteria, such as Bacillus subtilis (Fig. 1B) . Furthermore, M. pneumoniae has a wider metabolic network diameter (shortest biochemical pathway averaged over all pairs of substrates), although the diameter has been reported to increase with the logarithm of the network size (17 greater linearity and the wider diameter of the network suggest that it is less interconnected and contains fewer parallel paths. Thus, the M. pneumoniae network is less redundant both in terms of enzyme paralogy and in network topology. Yet, the distribution of the number of metabolites per reaction is similar to other organisms ( fig. S14 ). This is partly achieved by an increased fraction of multifunctional enzymes as compared with that in larger bacteria, as happens in endosymbionts (17) . We did not find any evidence of M. pneumoniae multifunctional enzymes being more conserved than others. This suggests the larger number could be due to function acquisition that is not present (or detected) in their homologs. This might represent a more general mechanism expected to facilitate further genome reduction (Fig. 1, B and C). The increased linearity and limited redundancy in the metabolic network suggest limited robustness and adaptability to external factors (18) : Of the metabolic enzymes, 60% are essential (19) , in contrast to only 15% in Escherichia coli (www. shigen.nig.ac.jp/ecoli/pec/index.jsp).
M. pneumoniae has a relatively long duplication time (at least 8 hours) in comparison with E. coli or L. lactis (20 min), both in culture (20) and in the presence of host cells (21) . Slow growth in genome-reduced, pathogenic bacteria has been proposed to be the result of (i) less efficient enzymatic activity that is explained by the accumulation of mutations resulting from genetic drift (22) , (ii) a reduced number of ribosomal RNA (rRNA) operons, and/or (iii) other mechanisms related to the adaptation to a pathogenic lifestyle. To understand the causes of slow growth, it is necessary to measure the overall energetics of the metabolic network (Fig. 2) as well as the changes in macromolecules (Fig. 3A) and metabolites along the growth curve (Fig. 3B) .
We used the metabolic map, the measured protein concentration (10 fg of protein per cell), and the estimated turnover rates of macromolecules (~20 hours for proteins and~7 min for mRNA) (table S9 and fig. S15 ) to estimate the rate of glucose uptake required to duplicate a cell every 8 hours at 18,000 to 24,000 glucose molecules per second [assuming that the majority of adenosine triphosphate (ATP) is used for biomass production] (10). This figure closely matched the experimentally determined value under exponential growth:~19,000 glucose molecules per cell per second (Fig. 3C) (10) . When cultures approached stationary phase (Fig. 3A) , the rate increased to~45,000 glucose molecules per cell per second (Fig. 3C) , concomitantly with the increased transcription of many glycolytic and fermentation genes ( Fig. 3D and tables S10 and S11). In both cases, at least 95% of the glucose carbon was found in lactate and acetate ( Fig. 3B and fig. S16 ), implying that the glucose is used primarily for energy production. At the fastest glucose consumption rate, assuming all ATP were devoted to biomass production, M. pneumoniae could divide about every 
phosphoenolpyruvate, glucose-6-phosphate, fructose-6-phosphate, ribose-5-phosphate, and glycerone phosphate, as well as glucose uptake) that we measured were similar to those of larger bacteria (table S9) (10), which suggests comparable enzyme efficiencies. This similarity extended to regulatory processes seen in Lactococcus lactis (23) . For example, as in L. lactis, we observed both a shift from mostly mixed-acid to homolactic fermentation and an acceleration of glycolysis when the medium acidifies (Fig. 3, A  and B) ; the drop in O 2 concentration relieves inhibition of lactate dehydrogenase (10, 22, 24) . Also, the ATP yield per fermented glucose (two to four ATP, depending on lactate or acetate fermentation) is the same as in L. lactis (table S9) . Given all of the above, we cannot explain the slow growth of M. pneumoniae on the basis of glycolytic efficiency or ATP yield. One of the main differences compared with fast dividing bacteria is the number of rRNA operons per genome [just one in M. pneumoniae and six in L. lactis ( fig. S17 ) and five to 10 times proportionally fewer ribosomes as compared with those of E. coli (table S10)] (7). In many bacteria, the number of ribosomes correlates with the division rate (25) . For M. pneumoniae, we see a correlation of changes in biomass duplication speed with the number of ribosomes but not with the glycolytic rate (Fig. 3, C and D, and fig. S17 ). We thus suggest that the slow division rate of M. pneumoniae is not due to less efficient energy production but to the limit in protein biosynthesis capacity. This small pathogenic bacterium does not appear to be optimized for biomass production. Instead, more complex strategies for fitness, such as suppression of growth by other microorganisms (26) or optimization of interactions with host cells, might determine growth rate in small organisms.
It has been suggested that genome-reduced organisms have limited adaptability to external factors (24) . To determine the capacity of M. pneumoniae to respond to environmental changes, we performed three types of experiments. First, we followed the changes in gene expression from the exponential growth phase to the stationary phase (Fig. 4A) . Analysis of changes in gene expression (validated by means of tiling arrays and quantitative polymerase chain reaction) ( fig. S18 ) at different points along the growth curve showed that a large part of the transcriptome can be grouped into four timedependent expression clusters (Fig. 4A, figs . S19 and S20, and tables S11 and S12). These clusters can be regarded as two pairs of anticorrelating patterns, indicating a complex regulation. Subsequent analysis by means of mass spectrometry for a subset of enzymes showed correlation between changes in mRNA and protein abundance ( fig. S18 and table S10 ). For example, the production of lactate by lactate dehydrogenase (Mpn674|Ldh) revealed the close temporal coordination of gene and protein expression and metabolite turnover (Fig. 3, B and D, and table S10).
Second, we analyzed the response of M. pneumoniae to specific individual metabolic perturbations encountered as the population grows, such as low pH, accumulation of fermentation end-products, and sugar and amino acid starvation, as well as to more complex stimuli, such as entry into the stationary phase (Fig. 4, B to D, and tables S13 to S16). We found coordinated changes in gene expression specific to each condition (Fig. 4B and fig. S21 ). For example, there was a general inhibition of transcription and translation upon glucose deprivation and an increase of ATP proton pump genes at pH 6.5 (Fig. 4, B and C) . Induction of the stringent response (a global response to the absence of amino acids) results in up-regulation of peptide and amino acid transporters (Fig. 4D) . Also, a specific repression of the Thr-tRNA synthetase gene (mpn553) (table S17), which is a core component of a tRNA synthetase complex (7), suggests its possible regulatory role in complex assembly and therefore in regulation of translation. We found some common responses to multiple stresses. Some were known, such as the down-regulation of ribosomal proteins or peptide importers, which is common to all stresses. Others, like the up-regulation of ldh and glycerol-3-P dehydrogenase (mpn051), were unexpected and suggest additional functions for these proteins during stress (Fig. 4B) .
Third, we adapted the cells by means of serial passage (15 passages) to efficient growth in other carbon sources (fructose, mannose, and glycerol) (tables S18 to S20). Fructose adaptation resulted in overexpression of fruA and fruK (>3 log 2 ), and mannose-adapted cells overexpressed the mannitol importer (>5 log 2 ) (tables S19 and S20). Thus, M. pneumoniae shows surprising adaptation capability similar to that reported for E. coli (27) .
The coordinated changes in gene expression along the growth curve, the specific responses to many various metabolic perturbations, and the adaptability of the cells to various carbon sources indicate that M. pneumoniae retains some robustness and adaptability despite its extreme genome reduction.
Compared with more complex bacteria, M. pneumoniae lacks the majority of transcription factors (TFs) regulating metabolic gene factors [such as the catabolite regulation protein (CRP)], major sigma factors, and other regulators (28) . Gene assignment on the basis of sequence analysis (table S1), in some cases validated through copurification with the RNA polymerase complex (such as mpn266|spxA) (7), revealed four TFs (mpn239|gntR, mpn329|fur, and mpn124|hrcA), the general sigma 70 factor (mpn352|sigA), two putative sigma-like factors (mpn626|sigD and mpn424|ylxM), and a putative DNA-binding protein (mpn241|whiA) ( fig.  S2 and table S1 ). Despite this apparently reduced gene regulatory toolbox, both environmental stresses (6) and metabolic insults induced complex, specific transcriptional responses; comparison with more complex bacteria showed sim- ilarities but also some specific differences in regulation of gene expression (tables S21 to S23). For example, we observed an increase in mRNA and protein expression of glycolytic enzymes concomitant with the increase of glycolytic rate upon medium acidification (Fig. 3, C and D, fig.  S20 , and table S15), very similar to what has been described in L. lactis cultures (29) . Response to glucose starvation was also similar to that of L. lactis (Fig. 4, C and E, and table S21) (30) . Part of the stringent response, such as the induction of peptide and amino acid transporters and down-regulation of carbohydrate catabolism (31), was conserved in M. pneumoniae (table  S22) ; other mechanisms, such as the repression of ribosomal protein operons or rRNA synthesis, were not observed (Fig. 4D and fig. S22 ). This is in agreement with the proposed involvement of the RNA polymerase omega subunit (missing in M. pneumoniae) in sensing guanosine pentaphosphate/tetraphosphate [(p)ppGpp] and thus arresting rRNA biosynthesis (32) .
We believe it unlikely that the conserved responses, and the specific differences in regulation, can be caused only by combinations of the few TFs that regulate operons and suboperons, even if one includes regulation through antisense RNA (6) . The presence of genes for synthesis or degradation of a number of chemical messengers, such as (p)ppGpp (mpn397|spoT), AppppA (mpn273|hit1), or c-di-AMP (mpn244|disA) (fig. S2 and table S1) (33) , implies that signaling mechanisms have been preserved despite genome reduction. For example, overexpression of the spoT gene that regulates (p)ppGpp levels (31) results in substantial changes in gene expression, mainly related to the stringent response (table S24) . The presence of genes coding for a Ser/Thr phosphatase (mpn247|ptc1), two protein kinases (Ser/Thr/Tyr kinase mpn248|prkC and mpn223|hrpK, an HPr kinase), and the differential phosphorylation of key metabolic enzymes under various growth conditions (33) suggest posttranslational control. Also, metabolites such as glycerol regulate gene expression at the base of the fermentation branches in M. pneumoniae (34) as well as glucose import (35) . This explains why glycerol is essential in the minimal medium in a concentration-independent manner (Fig. 4F) .
Our results suggest that complex metabolic regulation can be achieved in a streamlined genome despite the absence of the respective TFs probably because of a combination of transcriptional regulators, posttranslational modifications, and small molecules, including chemical messengers and metabolites.
Taken together, our newly established M. pneumoniae resource, containing a manually annotated metabolic map, full annotations, reactome, consistently measured growth curves, and gene expression profiles corresponding to an extensive list of metabolites, should facilitate integrative systems biology studies at a high resolution.
Comparison with more complex bacteria revealed systemic features associated with genome streamlining, which should be examined in other small bacteria. Despite its apparent simplicity, we have shown that M. pneumoniae shows metabolic responses and adaptation similar to more complex bacteria, providing hints that other, unknown regulatory mechanisms might exist. To study basic principles of transcriptome organization in bacteria, we analyzed one of the smallest self-replicating organisms, Mycoplasma pneumoniae. We combined strand-specific tiling arrays, complemented by transcriptome sequencing, with more than 252 spotted arrays. We detected 117 previously undescribed, mostly noncoding transcripts, 89 of them in antisense configuration to known genes. We identified 341 operons, of which 139 are polycistronic; almost half of the latter show decaying expression in a staircase-like manner. Under various conditions, operons could be divided into 447 smaller transcriptional units, resulting in many alternative transcripts. Frequent antisense transcripts, alternative transcripts, and multiple regulators per gene imply a highly dynamic transcriptome, more similar to that of eukaryotes than previously thought.
A lthough large-scale gene expression studies have been reported for various bacteria (1-7), comprehensive strandspecific data sets are still missing, limiting our understanding of operon structure and regulation. Similarly, the number of classified noncoding RNAs in bacteria has recently been expanded (8) , but a complete and unbiased repertoire is still not available. To obtain a blueprint of bacterial transcription, we combined the robustness and versatility of spotted arrays [62 independent conditions and 252 array experiments (9)], the superior res-
